Corynebacterium glutamicum mutant KY9707 was originally isolated for lysozyme-sensitivity, and showed temperature-sensitive growth. Two DNA fragments from a wild-type C. glutamicum chromosomal library suppressed the temperature-sensitivity of KY9707. These clones also rescued the lysozyme-sensitivity of KY9707, although partially. One of them encodes a protein of 382 amino acid residues, the N-terminal domain of which was homologous to RNase HI. This gene suppressed the temperature-sensitive growth of an Escherichia coli rnhA rnhB double mutant. We concluded that this gene encodes a functional RNase HI of C. glutamicum and designated it as rnhA. The other gene encodes a protein of 707 amino acid residues highly homologous to RecG protein. The C. glutamicum recG gene complemented the UV-sensitivity of E. coli recG258::kan mutant. KY9707 showed increased UVsensitivity, which was partially rescued by either the recG or rnhA gene of C. gluamicum. Point mutations were found in both recG and rnhA genes in KY9707. These suggest that temperature-sensitive growth, UVsensitivity, and probably lysozyme-sensitivity also, of KY9707 were caused by mutations in the genes encoding RNase HI and RecG.
Coryneform bacteria are rod-shaped, nonsporulating and pleiomorphic bacteria that are phylogenetically related to mycobacteria. The nonpathogenic Corynebacterium glutamicum was originally isolated as an L-glutamate producer 1, 2) and is now used for industrial production of amino acids such as L-lysine, 3) L-threonine, 4) and others. L-Glutamate excretion by C. glutamicum is induced by treatments that aŠect the cell surface structure, such as biotin limitation, 5) treatment with penicillin, 6) or addition of fatty acid ester surfactants. 7) Since these treatments alter the cell surface structure, it had been thought until the 1980s that L-glutamate leaks passively through the membrane. Recently, several ndings that do not agree with the leakage model were reported. [8] [9] [10] [11] At present, the mechanism of L-glutamate excretion of C. glutamicum remains obscure.
C. glutamicum, like mycobacteria, possesses a thick cell wall consisted of a mycolic acid-containing layer, which functions as a permeability barrier and therefore renders cells highly resistant to antibiotics as well as the lytic enzyme, lysozyme. In order to analyze the structure and function of the cell surface of this microorganism, we have been analyzing lysozyme-sensitive mutants of C. glutamicum. In a previous paper, we reported the isolation of a novel gene, ltsA, which is probably responsible for the synthesis or maintenance of cell surface of C. glutamicum. 12) LtsA protein shows high homology with the asparagine synthetase B (AsnB) of Escherichia coli, but has no asparagine synthesis activity in vivo. Since the ltsA mutant showed swollen morphology at the restrictive temperature, ltsA is appeared to be involved in the formation of cell surface structure. 12) Mutations in ltsA induced L-glutamate production by C. glutamicum. 12, 13) Its function, however, still remains to be elucidated.
During these studies, we found a mutant strain among those of a lysozyme-sensitive mutant library, which showed temperature-sensitive growth and UV-sensitivity. Complementation analysis and DNA sequencing showed that the mutant carried two mutations in the genes that encode RNase HI and RecG. Here, we report the characterization of the mutant and the isolation of the rnhA and recG genes from C. glutamicum. 
Materials and Methods
Bacterial strains, medium, and plasmids. Bacterial strains used in this study are listed in Table 1 . Cells were grown in Lennox (L) medium consisting of 1z Bactopeptone, 0.5z yeast extract, 0.5z NaCl, 0.1z glucose (pH 7.0). L plates were solidiˆed by adding 1.5z agar to the L broth. In order to select the cells carrying plasmids, 10 mg W ml kanamycin for C. glutamicum, and 20 mg W ml kanamycin and 25 mg W ml ampicillin for E. coli were added to the medium.
To construct a new E. coli-C. glutamicum shuttle vector applicable for blue W white selection in E. coli lacZDM15 strains by the a-complementation system, a DNA fragment which contains the ColE1 replication origin, a kanamycin-resistance gene, and a gene encoding the a-fragment of LacZ protein of pHSG298 was PCR-ampliˆed using a set of primers, 5?-ACGGTTGATGAGATCTTTGTTGTAG-3? and 5?-TTTGCCGGATCAAGAGATCTCAACT-3?. The region of pBL1 containing the replication origin and the rep gene 14) was also PCR-ampliˆed using pC2 15) as a template and a set of primers, 5?-AACA-GCATGACAGATCTATTCCTGA-3? and 5?-TCG-GACGGACTTGCAGATCTTGTAT-3?. Both PCR products were digested with a restriction enzyme, Bgl II, and then ligated. The resulting plasmid, named pHT1, was stably maintained in E. coli and C. glutamicum cells without antibiotic selection.
Lysozyme-sensitivity, temperature-sensitivity, and UV-sensitivity check. Lysozyme-sensitivity and temperature-sensitivity of C. glutamicum were examined as described previously. 12) Temperaturesensitivity of the E. coli rnhA rnhB double mutant was checked by the same method as that of C. glutamicum, except that the incubation temperatures were 30 and 409 C.
For a UV-sensitivity check, overnight cultures of E. coli and C. glutamicum diluted with saline were spread on L plates containing appropriate antibiotics, and the plates were then exposed to a 15 W UV light from a distance of 0.4 m. After UV irradiation, the plates were incubated at 309 C for 1-3 days and the number of colonies formed was counted.
Cloning of rnhA and recG genes from C. glutamicum. Chromosomal DNA of the C. glutamicum wild-type strain ATCC 13032 was isolated as described previously. 12) Chromosomal DNA was digested with a restriction enzyme EcoRI or SacI, and then ligated with the EcoRI-or SacI-digested shuttle vector pHT1, respectively. The ligated mixtures were directly introduced into KY9707 cells by electroporation and transformants were selected on L plates containing 10 mg W ml kanamycin at the restrictive temperature, 379 C. DNA sequencing. DNA sequencing was done by the dideoxy method 16) using a Thermo sequenase Cy5.5 dye terminator sequencing kit (Amersham Bioscience, Piscataway, N. J., USA) and Thermo sequenase Cy5 dye terminator kit (Amersham Bioscience) with an automated DNA sequencer, the Long-read Tower (Amersham Bioscience).
In vitro protein synthesis. Plasmid-directed in vitro protein synthesis was done with the E. coli S30 extract system for circular DNA (Promega, Madison, Wis., USA) and [4, 5- 3 H]-L-leucine (2.22-4.44 TBq W mmol; Moravek Biochemicals, Inc., Brea, Calif., USA).
Identiˆcation of mutation sites in rnhA and recG genes of KY9707. C. glutamicum rnhA and recG genes were ampliˆed by PCR from ATCC 13032 or KY9707 chromosomal DNA. Two sets of primers (a) Lysozyme-sensitivity of the wild-type and lysozyme-sensitive mutant strains. ATCC 13032 and KY9707 were incubated in L broth at 309 C and lysozyme was added to the cultures at the times indicated by arrows. Growth was monitored by measuring OD 660 . Circles; no addition, triangles; addition of 25 mg W ml lysozyme. (b) Cell morphology of the wild-type and lysozyme-sensitive mutant strains. Cells were grown in L broth at 309 C to the exponentially growing phase and the cultures were shifted up to 379 C for 2 h. DiŠerential-interference contrast microphotographs are shown.
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were used for PCR: 5?-TGCAGCGGATCCGCCAT-GGTTCTCC-3? and 5?-AACTTAAAGGATCCGG-CGAGCTTCG-3? for rnhA gene and 5?-TCGA-CGGATCCAGCGAGCAAATTAC-3? and 5?-TC-GCCGGAAAGGATCCGGGTTTGAC-3? for recG gene. The PCR products were cloned into BamHI site of pHT1. Three clones independently isolated from the mutant were sequenced.
Cloning of E. coli rnhA gene encoding RNase HI. The E. coli rnhA gene was ampliˆed by PCR from the chromosomal DNA of E. coli CSH26 using a set of primers, 5?-CCATGTACGCCAAAGAATTCC-GGAT-3? and 5?-CTCTCTTTGTTGAATTTTGAA-GTGC-3?. The PCR product was cloned into an EcoRI site of pUC18 and the resulting plasmid was tested for complementation of an E. coli rnhA rnhB double mutant as a recipient. After the complementation was checked, the EcoRI fragment containing rnhA gene was recloned in pHT1.
Results

Growth properties and cell morphology of C. glutamicum lysozyme-sensitive mutant KY9707
We decided to investigate the C. glutamicum KY9707 lysozyme-sensitive mutant, which was isolated from a wild-type strain ATCC 13032 following N-methyl-N?-nitro-N-nitrosoguanidine (NTG) mutagenesis, 17) because its lysozyme-sensitivity was not rescued by the ltsA gene, which we reported as a major lysozyme-sensitivity determinant in C. glutamicum. 12, 13) Weˆrst examined the eŠect of lysozyme on the growth of KY9707 mutant strain. Growth of the wild-type strain of C. glutamicum ATCC 13032 was not aŠected by treatment with 25 mg W ml lysozyme, but that of the mutant strain KY9707 was inhibited by treatment with 25 mg W ml lysozyme. Turbidity gradually decreased after addition of lysozyme, suggesting that lysis of the cells was induced (Fig. 1a) .
KY9707 did not grow at 379 C on L plates and its temperature-sensitive growth was suppressed by addition of 20z (w W v) sucrose to the medium (data not shown). The morphology of the KY9707 cells was observed by diŠerential-interference contrast microscopy (Fig. 1b) . The wild-type strain ATCC 13032 showed a normal rod shape at both 30 and 379 C. On the other hand, KY9707 cells were short thick rods even at the permissive temperature (309 C) and became swollen after the culture was shifted up to the restrictive temperature (379 C) for 2 h. These results suggested that KY9707 has a defect(s) in the cell surface structure, as previously reported for the ltsA mutant strain KY9714. 12) Cloning of the genes that complement mutations of KY9707
We shotgun-cloned the genes that complemented the temperature-sensitivity of KY9707. An EcoRIlibrary and a SacI-library of the wild-type C. glutamicum chromosomal DNA in the E. coli-C. glutamicum shuttle vector pHT1 were directly introduced into KY9707, and temperature-resistant transformants selected at 379 C. Two clones, pHE1 carrying about a 7-kb EcoRI fragment and pHS1 carrying about a 3.5-kb SacI fragment, were isolated. These two plasmids almost fully complemented the temperature-sensitivity of the KY9707. However, Temperature-sensitivity (ts) and lysozyme-sensitivity (Lysozyme s ) were checked as described in the Materials and Methods. ＋, complemented; -, not complemented; ±, partially complemented.
both clones rescued lysozyme-sensitivity only partially; minimal inhibitory concentrations of lysozyme were more than 50 mg W ml to wild-type strain ATCC13032 carrying the vector plasmid pHT1, 8 mg W ml to KY9707 mutant strain carrying pHT1, and 16 mg W ml to KY9707 carrying pHE1 or pHS1. The two fragments were derived from diŠerent parts of the chromosome, judging from the results of restriction fragment analyses (Fig. 2) .
We then constructed several subclones of pHE1 and pHS1 and did complementation tests (Fig. 2) . pHEX1, one of the subclones of pHE1 carrying a 1.4-kb EcoRI-XhoI fragment and pHSK1, a subclone of pHS1 carrying a 2.6-kb SacI-KpnI fragment complemented the temperature-sensitivity of KY9707. These results indicate that two diŠerent genes on the EcoRI-XhoI and SacI-KpnI fragments are responsible for the temperature-sensitive growth of KY9707. These two subclones also rescued lysozyme-sensitivity, again only partially.
Nucleotide sequencing analyses and homology searches
The nucleotide sequence of the EcoRI-XhoI fragment was determined (DDBJ W EMBL W GenBank accession number: AB071023). It was 1,402 bp long and contained one open reading frame (ORF), tentatively named ORF-A. ORF-A is 1,146 bp long and encodes a protein of 382 amino acid residues with a predicted molecular mass of 40,788 Da. The deduced amino acid sequence of the product of ORF-A showed high similarity to the CobC protein of various bacteria (data not shown). The cobC gene product of S. typhimurium is reported to be involved in the synthesis of cobalamin, a precursor of vitamin B12 synthesis.
18) The product of ORF-A had an additional N-terminal domain not homologous to the CobC proteins. The N-terminal domain showed signiˆcant homology with RNase HI proteins of various organisms, such as Mycobacterium tuberculosis (54.5z identity in 154 amino acid overlap), 19) M. smegmatis (24.5z in 163), 20) E. coli (26.2z in 141), 21) and Thermus thermophilus (29.9z in 87) 22) ( Fig. 3) . RNase H is an enzyme that degrades the RNA strand of RNA-DNA hybrids 23) and is found in a wide variety of organisms. 24) The nucleotide sequence of the SacI-KpnI fragment was also analyzed (DDBJ W EMBL W GenBank accession number: AB071024). It was 2,635 bp long and contained two ORFs. The longer one, tentatively named ORF-B, is 2,121 bp long and encodes a protein of 707 amino acid residues with a predicted Serial dilutions (×1 W 10 each) of cultures of the E. coli rnhA rnhB double mutant MIC2067 carrying pUC18, pCGRNHA1 (C. glutamicum rnhA) or pECRNHA33 (E. coli rnhA) were spotted on L plates containing 25 mg W ml ampicillin and the plates incubated at 30, and 409 C for 24 h. molecular mass of 77,579 Da. The shorter one, named ORF-C and located downstream from the ORF-B, is 213 bp long and encodes a protein of 71 amino acid residues with a predicted molecular mass of 7,586 Da. The deduced amino acid sequence of the product of ORF-B showed high homology with the RecG proteins of various bacteria (data not shown). The RecG protein of E. coli is an ATP-dependent DNA helicase involved in branch migration of Holliday junctions in homologous recombination. 25, 26) The gene product of ORF-C has a putative biotin-binding motif (data not shown), but the function of its gene product is unknown. To determine which gene is responsible for complementation, the plasmid pHSX1 was constructed, which carries a 2.45-kb SacI-XhoI fragment containing only ORF-B as an intact gene (Fig. 2) . pHSX1 complemented KY9707, indicating that OFR-B is enough for complementation.
Judging from the results of the complementation tests (Fig. 2) , ORF-A and ORF-B are the genes responsible for complementation of KY9707.
ORF-A of C. glutamicum encodes a functional RNase HI E. coli carries two RNase H-encoding genes, rnhA and rnhB.
27) An E. coli rnhA rnhB double mutant shows temperature-sensitivity of growth, which was rescued by genes encoding functional RNase H derived from other organisms. 28) To conˆrm whether the ORF-A of C. glutamicum encodes a functional RNase HI homologue, we introduced ORF-A into an E. coli rnhA rnhB double mutant strain, MIC2067.
The EcoRI-XhoI fragment containing ORF-A was recloned into EcoRI-Sal I sites of pUC18, and the resulting plasmid, pCGRNHA1 was introduced into E. coli MIC2067 and the temperature-sensitivity of the transformants was checked. MIC2067 cells carrying the vector plasmid grew at 309 C but showed temperature-sensitive growth at 409 C. pCGRNHA1 fully suppressed the temperature-sensitive growth of MIC2067 at 409 C as well as did plasmid pECRNHA33 carrying the E. coli rnhA gene (Fig. 4) . The temperature-sensitivity and lysozyme-sensitivity of KY9707 were also rescued by E. coli rnhA, although recovery of lysozyme-sensitivity was again partial (data not shown). These results indicate that the ORF-A of C. glutamicum encodes a functional RNase HI. We designated the ORF-A gene rnhA.
ORF-B of C. glutamicum encodes a functional RecG
Since ORF-B showed high homology with RecG proteins from various bacteria, we examined the UVsensitivity of the KY9707 mutant cells. The KY9707 cells showed increased UV-sensitivity, which could be partially suppressed either by rnhA or by recG of C. glutamicum (Fig. 5a) . We then checked whether the E. coli recG258::kan mutation can be complemented by the C. glutamicum recG gene. The C. glutamicum recG gene fully complemented the UV-sensitivity of an E. coli recG258::kan mutant (Fig. 5b) . We concluded that the ORF-B encodes the C. glutamicum RecG protein. (a) UV-sensitivity of the wild-type strain ATCC 13032 transformed with pHT1 (circles), and the lysozyme-sensitive mutant KY9707 transformed with pHT1 (squares), pHEX1 (diamonds) and pHSK1 (triangles) are shown. (b) UV-sensitivity of the wildtype strain of E. coli CSH26 carrying pUC18 (circles) and the recG258::kan mutant strain RG1 carrying pUC18 (squares), pCGRECG1 (triangles) and pCGRNHA1 (diamonds) are shown. UV-sensitivity checks were examined as described in the Methods section. Products by the in Vitro Protein Synthesis System Using E. coli S30 Lysate. Plasmid DNA-directed in Vitro protein synthesis using an E. coli S30 extract was done with pUC18 and pCGRNHA1 (a) and pUC18 and pCGRECG1 (b), respectively. Fluorograms of 12.5z polyacrylamide gels are shown. Numbers shown at the left of the gels indicate the molecular mass (×kDa). Amp R , blactamase encoded on the vector plasmid pUC18; ORF-C, product of the unknown ORF downstream of the recG; LacZ', a-fragment of LacZ protein encoded on the pUC18.
Identiˆcation of the C. glutamicum rnhA and recG gene products in E. coli S30 lysate
Using an E. coli S30 extract system, we identiˆed the products of C. glutamicum rnhA and recG genes (Fig. 6) . pCGRNHA1, which carries the rnhA gene, produced a 43-kDa protein together with the 30-kDa b-lactamase on the vector plasmid pUC18. This shows that the C. glutamicum rnhA gene indeed consists of the N-terminal RNase HI domain and the C-terminal CobC domain in a single peptide. pCGRECG1 carrying recG gene and ORF-C produced 70-kDa and 8-kDa proteins, respectively. The molecular masses of all detected gene products matched well with the calculated ones.
Identiˆcation of the mutation points in KY9707
To identify the mutation point in KY9707, we ampliˆed the rnhA and recG genes from the mutant by PCR and analyzed the nucleotide sequence of the mutant rnhA and recG genes. We found point mutations in both rnhA and recG loci of KY9707. In the rnhA gene, the codon TCC for the 75th serine residue was changed to TTC for phenylalanine. In the recG gene, GGC for the 429th glycine residue was changed to GAC for aspartate. These mutations were both G:C ª A:T transitions, as expected from the mutation spectrum caused by NTG mutagenesis.
Ser75 of the RNase HI of C. glutamicum is one of the conserved residues among RNase HI proteins from various organisms (Fig. 3) . Gly429 of the C. glutamicum RecG is also one of the conserved residues located between the two conserved motifs II and III (data not shown). 29) It was reported that an E. coli rnhA recG double mutant is lethal. 30) From all these results, temperature-sensitive growth of KY9707 is considered to be caused by simultaneous defects of RNase HI and RecG, one or both of which are temperaturesensitive.
Discussion
Here we isolated two genes, named rnhA and recG, from C. glutamicum. The N-terminal domain of the gene product of C. glutamicum rnhA showed signiˆcant similarity with RNase HI of various organisms. It has been reported that the temperaturesensitive growth of an E. coli rnhA rnhB double mutant can be complemented by genes encoding functional RNase H derived from other organisms. 28) The C. glutamicum rnhA gene complemented the temperature-sensitive growth of E. coli rnhA rnhB. Moreover, the E. coli rnhA gene suppressed the temperature-sensitive growth of C. glutamium KY9707. These results indicate that the rnhA gene of C. glutamicum encodes a functional RNase HI. The rnhA gene product of C. glutamicum also showed, at its C-terminal domain, high homology with CobC proteins of various bacteria (data not shown). This type of enzyme is also found in M. tuberculosis (Rv2228c). The cobC gene of S. typhimurium encodes a phosphatase which generates a-ribazole (cobalamin, one of the precursors of vitamin B12 biosynthesis) from a-ribazole-5?-phosphate.
18) The function of the C-terminal domain remains unknown.
We also isolated the gene encoding a RecG protein, which is involved in branch migration in homologous recombination. 25, 26) E. coli recG mutant cells show increased sensitivity to UV, DNA-damaging agents, and inhibitors of DNA synthesis. 31) KY9707 showed UV-sensitivity, which could be complemented by the C. glutamicum recG gene. Moreover, C. glutamicum recG could complement the E. coli recG mutation. Considering all these results, C. glutamicum RecG is functionally equivalent to E. coli RecG.
The C. glutamicum KY9707 mutant carried missense mutations in both the rnhA and recG loci. We found an S75F substitution in the rnhA gene. The Ser75 residue of the C. glutamicum RNase HI homologue (corresponding to Ser71 of E. coli RNase HI) lies in the conserved region, just ‰anked by bstrand D and a-helix 2.
32,33) Site-directed mutagenesis of E. coli RNase HI revealed that the Ser71 residue is not directly involved in RNase HI activity, 34) but this residue is highly conserved in various organisms (Fig. 3) . The juxtaposed residue of Ser71 in E. coli RNase HI, Asp70, is pivotal for its enzyme activity 34) and is conserved in various organisms (Fig. 3) . The S75F mutation found in the C. glutamicum KY9707 mutant may aŠect the enzymatic activity, probably by in‰uencing the Asp74 residue (corresponding to Asp70 of E. coli RNase HI). Mutational analysis of E. coli RNase HI showed that residues Asp10, Glu48, His124, and Asp134 in addition to Asp70 are involved in the catalytic activity of this enzyme. 34) Among them, residues corresponding to Asp10, Glu48, and Asp70 are conserved in the C. glutamicum enzyme but His124 and Asp134 are not. This is also the case of the M. tuberculosis enzyme (Fig. 3) .
In this study, we demonstrated that the C. glutamicum enzyme is functionally active in vivo, suggesting that His124 and Asp134 are not essentially required for enzymatic activity. In fact, it is also reported that the E. coli enzyme with substitutions of both His124 and Asp134 had residual activity. 35) It is also possible that the C-terminal CobC-like domain compensates for lack of His124 and Asp134. Further in vitro enzymatic analysis is needed to verify these ideas.
For recG, a missense mutation, G429D, was found in KY9707. The Gly429 residue of C. glutamicum RecG lies between motifs II and III, two of the conserved motifs in RecG proteins of various bacteria. 29) Motif II contains the DEXH motif and is probably responsible for ATP-binding. 36) Motif III is responsible for the helicase activity that catalyzes the branch migration of Holliday junctions.
37) The G429D mutation found in the C. glutamicum KY9707 mutant may aŠect the ATP hydrolysis and W or helicase activity of RecG protein.
E. coli rnhA mutants carry one of the oriCindependent DNA replication systems, called constitutive stable DNA replication (cSDR). 38, 39) It has been reported that not only rnhA mutants but also recG mutants show activation of cSDR. 30) E. coli cells carrying both recG and rnhA mutations are lethal because of loss of ability to remove R-loops from the chromosome. 30, 40) The C. glutamicum KY9707 mutant carries mutations in both rnhA and recG loci, so the lethal phenotype, that is, temperature-sensitive growth, could be caused by the rnhA recG double mutations.
The lysozyme-sensitivity of KY9707 was also suppressed by the rnhA and recG genes of C. glutamicum, although only partially, but the relationship between the lysozyme-sensitivity and rnhA recG double mutations is not clear. The gene product of Enterococcus faecalis ebsB gene, which is reported to be involved in the cell wall metabolism, shows homology with RNase HI.
41) The temperaturesensitivity of KY9707, which was indeed caused by mutations in the rnhA and recG genes, as demonstrated in this work, were suppressed by addition of 20z sucrose as an osmotic stabilizer. Interestingly, UV-sensitivity of the KY9707 mutant was also suppressed by sucrose, although partially (data not shown). These implicate that the C. glutamicum RNase HI and RecG homologues are also related to the synthesis and W or maintenance of cell surface structures of this organism. It is also possible that KY9707 carries another mutation responsible for lysozyme-sensitivity and that the rnhA and recG genes function as a multi-copy suppressor for lysozyme-sensitivity, although the mechanism is not known. We tried to isolate a gene that can restore the lysozyme-sensitivity of KY9707 to the wild-type level by itself but have not succeeded yet. This may indicate that the lysozyme-sensitive phenotype of KY9707 is not caused by a single mutation, that is, both rnhA and recG mutations are responsible for this phenotype as well as UV-sensitivity. To verify this idea, construction of deˆned mutant strains, that is, genetically engineered rnhA and recG mutants, is necessary.
